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SECTION I 


SUMMARY 



This final report describes a program, sponsored by Goddard Space Flight Center, 
to develop and produce a compact, hermetically sealed, brushless motor with true 
DC motor characteristics. 


In this motor, photo-optical detectors and transistorized switches perform the 
functions of the conventional commutator without physical contact. The rotor is a 
permanent magnet. Hermetic sealing of the stator and commutator compartments 
was specified to eliminate the possibility of bearing contamination by outgassing, in hard- 
vacuum environments, from insulating materials, plastics, and solder fluxes. The 
motor also features a rotor-bearing assembly that can be removed as a unit from the 
front of the motor without disturbing its remaining components. 

Design goals included a reduction in over-all size to approximately one-third of the 
volume of a three-watt motor produced previously by Sperry Farragut Company under 
Contract No. NAS 5-2832. The achieved reduction in volume, to 36. 5 percent of that 
of the previous motor, closely approached the design goal. Also included was a re- 
quirement for sufficient improvement in efficiency to offset most of the losses 
incurred by sealing the motor. The original requirement of 45 percent minimum 
efficiency was vastly exceeded in the new design, so that the efficiency obtained now 
exceeds that of a good AC induction motor of comparable performance. Furthermore, 
the reliability of the motor was to be at least 95 percent for one year. A predicted I 
reliability in excess of 95 percent for one year was achieved as required. 
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SECTION II 


PRINCIPLES OF OPERATION OF MOTORS DEVELOPED ON THIS PROGRAM 

These brushless DC motors use a permanent magnet rotor for field excitation and a 
slotted stator with a conventional direct current winding. The current in each coil 
of the armature winding is reversed cyclically by a solid-state power^ switching net- 
work, exactly duplicating conventional commutation. 

Figure 1 is a block diagram of an elementary brushless DC motor. The three coils 
represent a two-pole armature winding which normally would use three commutator 
segments. The blocks A, B, C, etc. represent six equally spaced, photoelectric 
devices which conduct current only when illuminated. The aperture in the light 
shield spans 120 degrees and always illuminates two adjacent photoelectric devices. 
When the light beam impinges on photoelectric devices A and B, current flows in the 
path of the solid arrows. This produces a magnetic field in the armature that is in 
space quadrature with respect to the field of the rotor and also is in the position in 
which maximum torque is exerted on the rotor. As the rotor turns , the light beam 
moves with it until photo devices B and C are illuminated. The current now flows 
in the direction of the broken arrows in Figure 1, and the armature field again is in 
space quadrature with respect to the rotor field. This process continues and the 
rotor accelerates as in a conventional DC motor. 

The circuit of Figure 1 is functional, but the armature current is limited by the 
relatively small current capacity of presently available photoelectric devices. To 
overcome this limitation, the blocks A, B, C, etc. are in reality high-current, solid- 
state, switching circuits driven by the photo devices. 
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FIGURE 1 

BLOCK DIAGRAM OF BASIC CIRCUIT 
FOR A BRUSHLESS DC MOTOR 
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Figure 2 is a simplified schematic of the solid-state circuits associated with blocks 
A and B of Figure 2. The circuit of Figure 2 represents essentially one-third of the 
total circuitry required for a complete motor. 


The number of stages required for any particular motor is a function of current- 
switching requirements of the last stage, forced h^ of each device, and current 
output from the photo-sensor. Each stage is driven into saturation. This results 
in maximum operational reliability, minimum series voltage drop within the motor, 
and maximum efficiency/weight ratios. 
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FIGURE 2 

SIMPLIFIED COMMUTATING CIRCUIT 
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SECTION III 


STATEMENT OF WORK 


A. SCOPE 

Phase I: Motor design and development leading to a motor of maximum 

efficiency and simplicity with the capability of being hermetically sealed. 
Phase II: Manufacture of six motors and delivery to Goddard Space Flight Center. 

B. TECHNICAL REQUIREMENTS 

The following were the original technical requirements of the contract. Deviations 
agreed to by Goddard Space Flight Center are discussed later in this report. 

1. Motor Operational Parameters 

Rated Speed: 3000 RPM 

Input Voltage: 24 VDC (nominal) 

Torque: The motor was to be capable of being wound for outputs 

from 0. 05 in-oz. to 0. 3 in-oz. at 3000 RPM. 

2. Motor Design Characteristics 

a. The motor was to be brushless, employ no mechanical contact between 
stator and rotor, and exhibit true characteristics of a conventional 
permanent-magnet type (shunt) DC motor. 

b. The electronic commutator was to employ a minimum of components and 
a conservative derating practice. 

c. The commutation design was to be versatile to permit production of motors 
with operating speeds from 500 to 10, 000 RPM. 
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d. Optimum circuit packaging techniques were to be employed to 
minimize size. 

e. Optional means were to be provided for completely sealing the stator 
of the motor to prohibit outgassing from insulating materials, plastics, 
and solder fluxes. 

3. General Specifications 

The following specifications applied originally to all motors to be delivered 
under the contract. 

a. Size: As small as possible, not to exceed 1. 25" in diameter by 2. 5" 
long. (See paragraph IV.A. 1). 

b. Weight: As lightweight as possible, not to exceed 8 oz. 

c. Commutation: A commutation angle of 60° to 90° was required (for the 
commutator design envisioned). (See paragraph IV. A. 2). 

d. Noise: AF and accoustical noise were to be minimized. 

e. Environment: 

(1) The motors were to operate properly after 50 g, 2 millisecond 
shock and 5 minutes of random vibration (20 to 2000 cps, 15 g rms) 
in each of 3 mutually perpendicular planes. 

(2) The motors were to operate properly over an ambient temperature 
range of -10°C to +70°C. 

_o 

(3) The motors were to be capable of operating in a vacuum of 1 x 10 
mm Hg for a one-year period. 
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f. All motors were to be capable of withstanding stall current without 
damage. 

g. The motors were to employ SR-2 instrument bearings. (See paragraph 
IV. A. 3.) 

h. The rotors were to be dynamically balanced to reduce undetermined loads 
on the bearings. 

i. Means were to be provided for applying a selectable axial preload from 
0 to 1 pound on the outer race of the bearing. 

Detailed Specifications 

Originally, the Sperry Farragut Company was required to design, develop, 
fabricate^ and deliver to Goddard Space Flight Center six brushless DC motors 
with the following specifications. (See paragraph IV. A. 4. ) 

a. Two motors as follows: 

(1) Torque: 0. 27 in-oz. at 3000 RPM 

(2) Efficiency: 60% minimum at 3000 RPM 

(3) Unsealed stator and solid-state switching system 

b. Two motors as follows: 

(1) Torque: 0. 2 in-oz. at 3000 RPM 

(2) Efficiency: 45% minimum at 3000 RPM 

(3) Motors to be hermetically sealed except for rotor and bearings. 
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c. Two motors as follows: 

(1) Torque: 0. 1 in-oz at 3000 RPM 

(2) Efficiency: 45% minimum at 3000 RPM 

(3) Motors to be hermetically sealed except for rotor and bearings. 

5. Reliability 

Reliability was to be maximized by reduction of the number of active 
components, conservative derating and elimination of components of 
questionable reliability. A reliability of 95% for an operational life of one 
year (calculated value based upon accepted component failure rates) was 
required. 

C. SCHEDULE 

Delivery of six motors was to be made within eight months from award of contract. 

D. DOCUMENTATION 

The following documentation was required: 

1. Monthly progress reports, each including the design approach, calculations 
data, and performance. 

2. Prints and a reproducible copy of all such drawings as would be made to 
permit the construction of engineering prototypes. 

3. A final report summarizing the advantages and disadvantages of the various 
design approaches considered and detailing Hie performance characteristics 
of the prototype hardware. 
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SECTION IV 


PERFORMANCE OF WORK 

DEVIATION FROM ORIGINAL SPECIFICATIONS 

1. Size 

By using modular miniaturization techniques, major circuit redesign, and 
demanding minimum package size from each electronic component vendor; 
Sperry Farragut Company, with invaluable technical assistance from Goddard 
Space Flight Center was able to produce a motor that met the original require- 
ments for weight and diameter. However, the required length of 2. 5 inches 
was exceeded by 0. 25 inches. It would have required a very expensive 
program and many non-standard components and techniques to have achieved 
the 0. 25-inch reduction in motor length. 

2. Commutation Angle 

As the design of the electronic commutator evolved, circuit modifications 
made mandatory a change in commutation angle from 60° to 120°. 

3. Bearings 

Size SR166 instrument bearings were substituted for the smaller sized SR2 
bearings called for in the purchase specifications, primarily for ease in 
assembling the rotor assembly. This ultimately makes rapid bearing 
substitutions and changes feasible. To use the SR2 bearing would necessitate 
the removal of the cup which surrounds the lamp each time the bearings 
were changed. 


4. Detailed Specifications 


When the original detailed specifications were agreed upon, it was assumed 
that the efficiency of the 1-watt motors would be around 60 percent without 
hermetic sealing and 45 percent with sealing. Thus , Goddard Space Flight 
Center asked for two unsealed 1-watt motors and 2 sealed 1-watt motors. 

When breadboard tests showed that a substantially higher efficiency could 
be obtained in a sealed motor, the detailed specifications for the 1-watt motors 
(see paragraph in. B. 4. a and b) were changed to read: "Four motors 

shall be supplied as follows: 

a. Torque output at 3000 RPM: 25 in-oz. 

b. Efficiency at 3000 RPM: 55% minimum 

c. Motors to be hermetically sealed except for rotors and bearings. " 

5. Schedule 

The problems encountered in achieving hermetic sealing in each motor made 
it necessary for Sperry Farragut Company to request a thirty-day postponement 
of the required delivery date. This was granted, and the new delivery date was 
met. 

B. DEVELOPMENT OF MOTOR 
1. Stator 

a. Core Laminations 

(1) The preliminary design of the core lamination incorporated an increase 
in slot area from the value of 0. 0198 square inches used in the three-watt 
motor (NASA Contract NAS 5-2832) to 0. 0326 square inches. This was 
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made possible by a reduction in the thickness of the wall of the 
motor housing from 0. 060 to 0. 030 inch. 

(2) This design change was followed by a further increase in slot area of 
ten percent, approximately. This accompanied a reduction in the wall 
thickness of the housing to 0. 015 inch, which was made possible by a 
change of material from aluminum to type 303 stainless steel. 

(3) When the rotor material was changed from Alnico V to Alnicus USM-75, 
with its relatively high energy product, it became possible to decrease 
the outside diameter of the rotor and thus the inside diameter of the 
stator. Because the original outside diameter of the stator was 
retained, the decrease in inside diameter gave a further increase in 

the slot area. 

As a result of the three increases in slot area mentioned above, along 
with changes in the winding configuration that required fewer inductors 
to achieve the same CEMF, the inductor wire size was increased and 
the number of turns was decreased to improve efficiency. 

A further increase in efficiency was obtained by changing the lamination 
material from silicone steel to nickel iron and then reducing the 
thickness of each lamination. The reduction in core losses attributable 
to this material change was approximately four percent. 

All of the changes described above combined to reduce core losses at 
3000 RPM from 1. 90 watts in the three-watt motor to 1. 55 in the one- 
watt motor and to 0. 95 watts in the half-watt motor. Figure 3, 



FIGURE 3 

SUMMARY OF POWER LOSSES 






Stator Lamination 


Finished O.D. = 1.192 
Finished I. D. = 0. 385 


Tooth Width b t = 0. 060 

Core Width h = 0. 115 

c 

Slot Opening b Q = 0. 030 


B = 4. 5 kilogauss (measured maximum air gap flux density) 
& 


sg 


7TP 

12 


385tt 

12 


= 0. 101 slot pitch 


T B 

_ _ sg g _ 0. 101 x 4. 5 _ 7.6 kilogauss 

B t - b^ 0. 06 tooth density 

DR 

_ g _ 0. 385 x 4. 5 _ 7. 54 kilogauss 

c 2h 2 x 0. 115 core density 


Assume g = 0. 007 air gap 

Carter Factor - 


K c = 


T sg< 5 g + b o> 


T (5g + b ) - b 
sg' & o' o 


= 1. 16 


TABLE 1 

MOTOR LAMINATION PARAMETERS 
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"Evaluation of Power Losses" shows typical values of the various 
losses in the three motors. Details of the lamination configuration 
are presented in Table 1. 


b. Choice of Main Winding Configuration 

A detailed analytical evaluation of various winding techniques is presented 
in Appendix I, entitled "Armature Winding Analysis for a Brushless DC 
Motor". The highlights are summarized below, using equation numbers 
utilized in the Appendix. 


The average induced voltage and the effective resistance for the three 
different windings are: 

Ring Winding 


© e dc 

Z(f£ 

60 

5w 

8in 12 

x 10~® volts 


(**) *DC 

pL 

c 

12A 

s 

• ( 4 ) 

x 10 ® ohms 


Wye Winding 




n 

® 

yf3 sin 

x 10 8 volts 


©V 

P L c 

12A 

s 

(¥-) 

o 

x 10 ohms where Z = total inductors 

d> = flux 





S = speed 
p = resistivity 

Delta Winding 



L = inductor length 

© e a - 

Zd>S 

60 

• 5ir 
sm 12 

-8 

x 10 volts 

Ag = slot area 

A 8 = coil area 
c 

© 

II 

<> L c 

12A 

s 

( 4 ) » 

_8 

10 ohms, per phase 


or R a = 

12A s 

/2Z^\ -8 

\~0~ ) x 10 ohms between any two terminals 
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From the analytical study, equations for the earlier motor (3 watts, 
6 segments, ring winding) can be reduced to: 


e dc = sin 75 ° x 10-8 volts 

and 

r dc = (I) ohms - 

c 

In particular 
Z = 3000 


Z = 250 
s 

R_._ = 61 ohms (copper windings) 


Using the above equations, R^can now be computed as a ratio 


which yields : 




8 

9 


from which 


Q 

R^ = — x 61 = 54. 2 ohms 

Since the resistance is decreased approximately 11 percent by going to 
a delta winding from a ring winding certainly the IR drop will decrease 
and will increase. From = ■— sin 75° x 10 ® volts, it can 
be seen if Z and <f> do not change then S should increase. Other questions 
to be answered were: What happens to total motor efficiency, speed-torque 
curve, power output, etc. ? 
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To physically evaluate the effect of the delta winding versus the ring 
winding, Test No. 9 was run (see Figure 4). Test No. 9 should be 
compared to Test No. 8, shown in Figure 5,which represents duplicate 
test conditions except the winding change. From this test it was con- 
cluded that: 

(1) Total efficiency of the motor did not change. 

(2) The delta winding provides a slightly higher speed motor for given 
torque load, thus a slightly higher power output. 

(3) Design for future motors, whether ring wound or delta wound, will 
utilize similar analyses, keeping in mind the effective 11 percent 
reduction in effective resistance resulting from the delta winding. 

(4) The delta winding approach would reduce the total number of 
electronic components by approximately 50 percent with no 
appreciable change in commutator characteristics. Figure 6 is a 
schematic diagram of the delta winding. 

Another important conclusion was reached early in the analytical winding 
investigation. This is shown on pages 1 through 3 of Appendix I. In 
summary, it shows that a chord ed method of winding reduces the effective 
resistance of the winding approximately 10 percent below the previously 
used full pitch method. 

Continuing with the winding investigation, the following computations 
were made: 
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TEST DATA 

BRUSHLESS DC MOTOR 


Serial 

Input Voltage 



FIGURE 4 
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Eff. Percent (Lamp Losses included) 









TEST DATA 
BRUSHLESS DC MOTOR 

Serial Ho, 

Input Voltage 



FIGURE 5 
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Eff. Percent (Lamp Losses included) 





JQ 



Gj 
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FIGURE 6 

DELTA CONNECTED ARMATURE WINDING 



Analytically, equations for the wye-wound chorded motor have been 
proven to be 

(25^ Ey = /3 ZqS 8 in 75° x 10 -8 volts 

® R y * TST (I z ) x l0 ' 8 olms 
s 

I 

Note that these equations differ from the delta -wound, chorded motor 
in two details: 

(1) The motor equation shows the CEMF to be higher by a factor of V3. 

(2) The resistance has increased by a factor of 3. 

To obtain the same CEMF from the wye-wound motor, the total inductors 

250 

must be decreased by ^3 or - 144 inductors/slot assuming <f> = 

constant. Likewise, it would be desirable to reduce the effective 
resistance to that of the chorded delta-wound motor of 49 ohms. This 
value of 49 ohms takes into account a reduction in effective resistance as 
a result of using the chorded method for winding and also winding in delta. 
To obtain this exact value of effective resistance the wire size would need 
to be between #32 and #33 AWG. Physically, 144 inductors of #32 wire 
would not fit into the slot and for this reason #33 AWG was chosen. 
Schematically, the motor was wound as shown in Figure 7. Calculations 
show the effective resistance to be 52. 6 ohms. 
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FIGURE 7 

WYE-CONNECTED ARMATURE WINDING 














Test no. 10 was run to verify the above analysis. See Figure 8 and 
note the test conditions: 

(1) Resistance (effective) equals that computed above. 

(2) An Alnico V rotor was used. 

(3) Length of gap, lg = 0. 0105 in./pole. 

(4) No tube (for sealing purposes) was in the air gap. 

Resulting from the usage of Alnico V with its relatively lower coercive 
force, He ( relative to that of Alnicus 75) and the large lg, the motor 
was a higher speed motor; this was anticipated. Of particular interest, 
however, was the loss in total efficiency t) + . From data collected 
earlier, an increase in tj + was anticipated. 

The chorded-delta winding was selected as the most suitable for the motors 
for this contract because of its higher CEMF. 

c„ Auxiliary Winding 

For reasons stated in paragraph IV. B. 3. c, it was necessary to add an 
auxiliary winding that would generate sufficient current to switch out the 
starting circuit when the motor attained approximately half of rated 
speed, and to supply enough current to the lamp to give adequate brilliance 
under no load at rated speed. Using Faraday’s Law for DC motors it was 
determined that 60 turns of #39 magnet wire would be satisfactoiy. Heavy 
Formvar insulation was used. 
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TEST DATA 

BRUSHLESS DC MOTOR 



■ 5 1.0 1.5 2.0 2.5 3.0 


TORQUE, IN. OZ. 
FIGURE 8 


2b 


Eff. Percent (Lamp Losses included) 







2. Rotor 


a. Material 

As recommended by GSFC, Alnicus USM-75 was used for the rotors of 
the one-watt and half-watt motors instead of Alnico V, which was used in 
the earlier three-watt motors. (NASA Contract NAS 5-2832). The Alnicus 
has a much higher energy product, residual induction and coercive force 
than Alnico V, as shown in Table 2. 


Property 

Alnicus 

USM-75 

Alnico V 

Nominal Energy Product, BH maximum, 
in millions of Gauss -oersteds 

7.5 

5.5 

Residual Induction, B r> in Gauss 

13,900 

12, 700 

Coercive Force, H , in Oersteds 

C/ 

740 

650 

Density (lbs. per cu. in. ) 

0. 265 

0.265 

Mechanical Properties 

Hard, 

Brittle 

Hard, 

Brittle 


TABLE 2 

COMPARISON BETWEEN ALNICUS USM-75 AND ALNICO V 

As a result, a higher flux density was obtainable without an increase in 
rotor size. Thus, it was possible to use a larger air gap leaving room for 
a nichrome tube for hermetic sealing and possibly reducing hysteresis losses 
and cogging. Even with the larger air gap, the field strength, B, for these 
motors was essentially that of the earlier 3 watt design. With B fixed and 
a much larger slot area available, (see paragraph IV. B. 1. a) it was possible 
to use larger diameter inductors and fewer turns. This was done, decreasing 
copper losses and increasing efficiency. 
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Platinum-cobalt was investigated for use as a rotor material also. 

Although it had over three times the coercive force of Alnicus USM-75 
(2,650 vs. 740 oersteds) it had a much lower remanence (4,530 vs. 13, 900 
gauss). This would adversely affect winding losses in the stator even 
if the laminations were redesigned for a low flux density. The next 
paragraph outlines another consideration relating to the use of Platinum- 
cobalt for the rotor. 

An analysis was made of the eddy current losses and accompanying 
demagnetizing magnetomotive force in the thin nichrome cylinder used 
to seal off the rotor. (See Appendix I, M DC Brushless Motor with a Metallic 
Armature Sleeve". ) It showed that the added demagnetizing mmf. was 
small enough to make unnecessary the use of a rotor with a very high 
coercive force. Although the above-mentioned analysis was prepared 
for the motor of contract NAS 5-2832, all parameters used applied to 
this contract except for bore length, which has been reduced by 10%. 

b. Shape and Size 

The shape and size of the rotor are the same as were used in the earlier 
3-watt motor except that the diameter across the pole faces is approximately 
0. 010 inch smaller in the half-watt motor. 

c. Construction 

Because Alnicus USM-75 is a hard, but brittle material, a continuous 
shaft was used to support it . This still left a sufficient volume of 
Alnicus to provide the necessary flux densities. The method selected 
for fixing the shaft in the rotor was very simple. An oversized hole, 
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eloxed through the axis of the cast rotor, was cast full of lead and then 
drilled for a press fit to the shaft. The shaft was pressed into that 
hole until its shoulder butted against the rotor. This shoulder was 
staked into a groove eloxed in the adjacent end of the rotor, and a 
retaining collar was pressed onto the opposite end. The staking was 
made necessary by the high shearing stress created between shaft and 
rotor during the grinding operation on the rotor. 

Each rotor was made slightly oversize and "ground-to-order" to give 
the motor the required speed-torque characteristic. The common center 
of curvature of the pole faces was not shifted from the axis of the rotor 
during this operation, so the flux distribution pattern remained sinusoidal. 
(See "Recommendations. ") 

d. Preloading 

(1) Preloading of the bearings is essential if the lowest practicable 
level of rotor unbalance is to be obtained. 

(2) The rotor is dynamically balanced to leave less than 50 x 10 
in-oz. of imbalance. The radial play of each bearing before pre- 
loading is 0. 0001 to 0. 0002 inches. Since the rotor weighs 16 grams, 
the minimum imbalance is given approximately by: 

Unbalance = (3. 5 x 10~ 2 oz. )(0. 0002 in. ) = 7. 0 x 10~ 6 in-oz. 

(3) Bearing preload is to be adjusted by turning a No. 5/8-56 adjusting 
nut on the front of the motor. The preload nut bears on a Beryllium- 
copper wavy spring washer. It will develop 3. 06 lbs. of preloading. 
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maximum, if turned through its full range of one turn. Calculations 
show that the preload will change by 0. 316 lbs. in response to a 
temperature change of 80°C (the maximum ambient temperature 
change specified for the motor). Before shipment, each motor has 
its bearing preload set to a nominal pressure of one pound. The 
resulting power loss is approximately 24 milliwatts at 3,000 RPM. 

3. Solid-state Commutator 

a. Choice of Lamp and Light Sensor 

The search for a suitable combination of lamp and light-sensor for the 
solid-state electronic commutator yielded many frustrations and revealed 
that the arts of lamp design, manufacture, and quality control were lagging 
those of many other electronic components. Conspicuous by their absence 
were vendor specifications adequate for rendering precise reliability 
predictions. Seven lamps and four light sensors were investigated: 

Lamps: No. 2 (Cal-Glo) 

No. 3 (Lamps, Inc.) 

327-AS-15 (Chicago Miniature Lamps, Inc.) 

546-070-2 (American Cystoscope Makers, Inc. ) 

540-039 (American Cystoscope Makers, Inc. ) 

L15-45 (Kay Electric) 

No. 9 (Lamps, Inc.) 

Sensors: L7A, P-N-P-N Light-triggered Switch (G. E. ) 

LS400 N-P-N Planar Silicon Photo Device (Texas Inst. ) 

LS600 N-P-N Planar Silicon Light Sensor (Texas Inst. ) 

P102 Photosensitive Field-effect Transistor (Siliconix, Inc. ) 
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The following are capsule summaries of Sperry Farragut's findings on 

this topic: 

(1) The L15-45 lamp was investigated for use with the L7A switch. A 
review of tests made by GSFC showed satisfactory operation at room 
temperature, but insufficient lamp candlepower for operation 0. 1 inch 
from the sensor at the 0. 9 volts operating level required to give the 
lamp the desired life expectancy. A very thorough study (involving 
about one man-month of work) was made to see if the P102 sensor 
could be used with this lamp or if any other useful approach could be 
found to utilize either the L7A or the P102 as a sensor. No such 
approach was found. The P102 did prove to be a good field-effect 
transistor with reasonably low pinch-off voltage when light was 
prevented from entering its lens, but it required a high resistance 

in the circuit and current drain through a Zener diode to hold the 
FET at the required biasing point. The resulting packaging problem 
and power loss were prohibitive. 

(2) The 327-AS-15 lamp was used successfully with the T1-LS400 
switch in the earlier 3-watt motors, but consumed excessive power 
for use in the 1-watt motor, where it would have prevented the 
attainment of satisfactory efficiency. 

(3) The L15-45 lamp was tested in a breadboard motor with the IS400 
switch, but each lamp drew too much current for use in series with 
the stator winding at low torque loading. 
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(4) The 546-070-2 lamp was tested, but required excessive current also. 
It was suitable in all other respects. 

(5) The 540-039 lamp drew a sufficiently low current for use in series 
with the stator winding, but was marginal in light output and very 
unreliable. Since it was operated at 68 percent of its rated voltage, 

it should have given 96 percent reliability for 10, 000 hours, according 
to the vendor's published data. However, 3 out of 5 of these lamps 
tested by Sperry Farragut failed after operating for five minutes 
or less and thus were rejected. 

(6) The No. 2 lamp (Cal-Glo) according to Lamps, Inc. , is the same as 
the No. 3 lamp (Lamps, Inc. ). See below. 

(7) The No. 3 lamp was tested extensively in breadboard motors with the 
LS400 and LS600 switches at various lamp-to-sensor spacings and in 
various environments. It was satisfactory from all aspects except 
reliability (see'.'Lamp Reliability Tests" below). 

(8) Lamp No. 9 had the same envelope size as lamp No. 3, but was 
rated at 5 volts rather than 1. 5 volts. As indicated under "Lamp 
Reliability Tests" below, the No. 9 lamp showed excellent reliability 
even at 6. 5 volts under all applicable environmental conditions. It 
was tested extensively in breadboard motors with LS600 sensors 
with circuit modifications to handle its high current demand. It 
proved to be excellent in all respects except for its adverse effect 
on the over-all efficiency of the motor, but the loss in efficiency 
was considered an acceptable "price" to pay for high reliability. 

This lamp was selected for use in the deliverable motors. 
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(9) The CM8-666 lamp was tested in a breadboard motor with the LS600 
sensor and performed satisfactorily except for its high current 
requirement, which exceeded that of the No. 9 lamp, and its loss 

of candlepower in the accelerated life test (see "Lamp Reliability 
Tests" below). 

(10) The possibility of using a gamma-sensitive GM counter tube as a 
means of sensing rotor position does exist, but the cost and time 
required to develop such a system was prohibitive for this program. 

If, in the future, the need should arise for a low-powered motor such 
that a saving of 50 milliwatts of power is badly needed, such a system 
could be developed by Ampex Electronic Corporation, the only one 

of 10 vendors contacted who submitted a quotation in response to a 
query from Sperry Farragut Company. 

b. Lamp Reliability Tests 
(1) Summary 

(a) Lamp No. 3 

Static tests at room temperature revealed that insufficient control 
was being exercised over the production of this lamp to give 
uniform quality and long life. Thus it was rejected without 
further testing. Similar tests made earlier by Goddard Space 
Flight Center confirmed these findings. 

(b) Lamp No. 9 

This lamp showed no failures in static tests at room temperature 
or elevated temperatures and no failures in dynamic tests at 
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room temperature. These results were in line with the 
manufacturer’s rating of 100, 000 hours life expectancy at 
5 volts. Operation of this lamp at 1. 1 volts in the deliverable 
motors is expected to result in a highly reliable light source. 

(c) Lamp No. CM8-666 

This lamp showed no catastrophic failures in an accelerated 
life test at room temperature under static conditions. However, 
all samples developed blackened envelopes and thus an excessive 
reduction in candlepower. Although operation at 1. 1 volts instead 
of 6. 5 volts might produce no noticeable darkening of the envelope 
in the period of one year, this risk could not be taken and the 
lamp was rejected without further testing. 

(2) Life Tests on Lamp No. 3 (Lamps, Inc. ) 

(a) Selection and Test 

Sperry Farragut subjected 37 of these lamps to static ’’accelerated" 
life tests at 2. 5 volts at room temperature. They were divided into 
three lots: Group A - 8 that the vendor claimed were superior. 

Group B - 8 others that Sperry Farragut judged to be 

superior on the basis of microscopic inspec- 
tion, taken from a lot of 30 purchased 
expressly for life testing. 

Group C - 21 of those remaining from the lot of 30. 
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These 37 lamps were run in parallel until 76 percent had 
failed (85. 47 hours). 

Goddard Space Flight Center subjected 25 No. 3 lamps to static 
life tests at 2. 3 volts at room temperature with no prior micro- 
scopic examination. These lamps were run in parallel until 
76 percent had failure (94. 3 hours). 

(b) Failure Rates 

Failure rates for the above lamps at 2. 5 volts, which is the 
voltage applied to the lamps during the accelerated life tests, 
were calculated from the mean time between failures in the test 

_ fr> 

sample by means of Poisson's equation: R^ = e 

where R t = % reliability for t hours of operation (i. e. reliability 

figure), and r = failure rate at voltage V M used in motor. 


The projected failure rates as they would be at voltages that 
might be used in the motor, were calculated using the following 
equation: 


Failure Rate at V 


M 


V 12 

= ) X Failure Rate at V y 

A 


where V„ = Voltage considered for use in motor 
M 

and = Voltage at which accelerated life test was conducted. 


33 


These projected failure rates are listed in Table 3 below. 

As indicated by the test data of Table 4, those lamps that 
were preselected on the basis of better workmanship did not 
give better performance. Group A and B combined had as many 
failures as Group C, and fewer samples. 

Test data obtained from Goddard Space Flight Center 
are shown in Table 5. 



TABLE 3 

PROJECTED FAILURE RATES OF NO. 3 LAMPS (LAMPS, INC. ) 

(3) Life Tests on Lamp No. 9 (Lamps, Inc. ) 

(a) Static Tests at Room Temperature 

Eight lamps were operated continuously in parallel at 6. 5 
volts for 268 hours. Forty more were operated continuously 
in parallel at 2. 3 volts for 264 hours. None of the 48 lamps 
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failed. 
















Applied Voltage -2.5 volts 


Failure No. 

7A 

7C 

3A 

1A 

8A 

6A 

IB 

2A 

17C 

3C 

5B 

18C 

20C 

12C 

2C 

14C 

6B 

11C 

4C 

4B 

7B 

19C 

2B 

8B 

13C 

3B 

8C 

15C 

28 Lamps 


Time To 
Failure Hours 

9.58 
11. 50 

12.58 

13. 58 
21. 33 
21. 91 

28.83 

39.58 
46.24 
46. 74 
48. 07 

55.83 
61.41 
61.49 

61.57 

62.57 
64.73 
65.31 
66. 15 
66. 48 
66. 48 
68.40 
68.82 
68.98 
69.56 
78.81 
85.06 
85.47 














(b) Vibration 

The 48 lamps were vibrated in two mutually perpendicular 
planes at frequencies ranging from 15 to 2000 cps at a constant 
acceleration of 50 g. The lamps were submitted to three 10- 
minute vibration cycles with the lamps operating at 5 volts and 
to three 10-minute cycles with the lamps off. No failures occurred. 

(c) Shock 

With no voltage applied, the 48 lamps were subjected to 50 g 
shocks in two mutually perpendicular planes for 0. 5 milliseconds 
per plane. No failures occurred. 

(d) Temperature 

Following the shock test, the 48 lamps were subjected to an 
ambient temperature of 88°C for 15 minutes while operating at 
5. 0 volts. No failures occurred. 

Life Tests on Lamp No. CM 8-666 (Chicago Miniature Lamps, Inc. ) 

A static test at room temperature was conducted on fifteen of these 
lamps. They were operated at 6. 5 volts for 265. 8 hours. Although 
there were no catastrophic failures, all were considered to have 
suffered major failures because their envelopes blackened and their 
candlepower dropped correspondingly. Thus, this type of lamp was 
rejected without further tests. 


(5) Reliability Failure Rate for Lamp No. 9 

A reliability failure rate for the No. 9 lamp of 0. 075 percent for 
1, 000 hours of operation at 1. 4 volts has been assigned by Sperry 
Farragut Reliability Engineering Department. This value is very 
conservative and was based on engineering judgment in the light of 
the lack of failures during the accelerated life tests. 

Starting Circuit 

(1) The need for designing the starting circuit for these motors was 
determined by several of the essential lamp characteristics. These 
included not only long life and ample light output but also small physical 
size, short filament length, and low power consumption. The latter 
characteristics necessitated a low operating voltage which was not 
compatible with a 24-volt supply. Considerations were given to: 

a resistor in series with the lamp operating from 24 volts DC, an 
inverter, placing the lamp in series with various circuit elements, 
operating the lamp from auxiliary (generating) windings, and placing 
the lamp in series with entire motor. The last approach was chosen 
because it gave the highest efficiency and greatest simplicity of design. 

(2) Figure 9 is a block diagram of the starting circuit, and Figure 10 is 
the corresponding schematic diagram. Note that the lamp voltage 
is limited by diodes CR7 and CR8. This voltage during normal 
operation is approximately 1. 2 volts. The lamp must be on before 
the motor can operate and yet the lamp will not continue to operate 
unless the motor is operating. Thus it is necessary to provide 
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FIGURE 9 

BLOCK DIAGRAM OF STARTING CIRCUIT 
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FIGURE 10 

SCHEMATIC DIAGRAM OF STARTING CIRCUIT 




additional circuitry. Upon application of power to the entire motor, 
transistor Q19 is forward biased by R36. Transistor Q19 is then 
switched on and supplies current to the lamp-diode combination. 

Since the lamp is now illuminated, the commutator circuits operate 
and additional current is drawn through the lamp-diode combination. 
The resistance selected for resistor R39 had to be low enough to give 
consistent starting at low temperatures, yet as high as could be 
tolerated so as to give reasonable efficiency. When the motor has 
attained a speed that is approximately 50 percent of rated speed, 
sufficient voltage is induced in the auxiliaiy windings to switch on 
Q20 through R37 and CR12. This action essentially shorts the base 
of Q19 to ground and back-biases the base-emitter junction of Q19. 
Transistor Q19 is now off and the lamp is receiving current through 
the motor circuitry. Capacitor Cl provides filtering while R37 and 
R38 make up a voltage divider which determines the motor speed at 
which Q20 is switched on. The no-load current of the motor is equal 
to or less than the current required for the lamp. This necessitates 
another source of power during no-load conditions which is supplied 
by the auxiliary winding in conjunction with CR9, CR10, and CR11. 

It was necessary to add CR12 to prevent Q20 from receiving bias 
current through the commutator switches rather than the auxiliary 
winding. The value of resistor R36 was chosen to provide only the 
base-drive current required by Q19 to supply approximately 30 ma 
of collector current. Again considering efficiency, the resistance 


of R36 is kept as high as can be tolerated so as to give reasonable 
efficiency. The resistance of R35 is such that it limits starting 
current to an optimum value. Transistor Q19 was selected because 


of its high h F g at the operating current level, its small physical 
size, and its capability of supplying starting current under stall 
conditions. The power dissipation capabilities and h EE of transistor 
Q20 are not critical since Q20 must supply only microamps. For- 
tunately, capacitor Cl does not need a high capacitance or high 
working voltage and thus it is also of small size. Diodes CR7 and 
CR8 were chosen because of their voltage -current characteristics, 
their current-handling capability under stall conditions , and their 
small physical size. Diodes CR9 through CR12 carry little current 
so diodes of the micro-package type were selected. 


(4) In summary, Q19 supplies current to the lamp at starting, but is 
back-biased and cut off by Q20 during normal operation. Thus, 
low power is consumed by R36 and Q20 during this period of normal 
operation. A by-product of the starting circuit is a 1. 2 volt back- 
bias which is applied to the base of the first transistor in each of 
the 6 commutator switches. This voltage is derived from the 
voltage across the lamp and insures that the preamp transistors 
are back-biased and off when their corresponding photodevices are 
not illuminated. See the entire circuit schematics, Figures 11 and 
12 . 
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SCHEMATIC DIAGRAM OF ONE-WATT MOTOR 





d. 120-Degree Commutation 

1) Reasons for Adoption 

Motor size requirements necessitated a change in commutation angle from 60° 
to 120°. This reduced the number of commutator components by 50%; but adding 
a starting circuit left a net reduction of 40%. A net volume reduction of 30% 
from the size used on Contract NAS 5-2832 was achieved. 

2) At least two of the six photosensors, located at 60° intervals around the lamp 
(DS1 of Figure 12) are illuminated at all times as the light shield 's 120° aperture 
rotates between lamp and sensors in step with the rotor. These must trigger two 
non-opposite switches, one from the upper row (2, 4, or 6) and one from the lower 
(1, 3, or 5) simultaneously. If photosensors A1 and A2 are illuminated, current 
through A1 causes transistors Q10, Qll, and Q12 to conduct, and current through 
A2 causes Q7, Q8, and Q9 to conduct. 

Switches 1 and 2, entirely, are now conducting, allowing current to flow through 
Q9, Q12,and the main motor winding with little impedance. The current in the 
main winding sets up a magnetic field at quadrature to that of the permanent- 
magnet rotor. When the rotor and light shield have turned 60°, A3 and Switch 3 
conduct, and Switch 1 turns off. 

Current now flows through Q9, Q15, and the main winding, setting up a new mag- 
netic field in quadrature with the new direction of the rotor field, and turning 
the rotor and light shield again. This switching action continues in the cyclic 
order: 1, 2, 3, 4, 5, 6, 1, 2, ...., producing continuous rotation while power 
is applied. 
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4. Hermetic Sealing 

a. Metallic Armature Sleeve 

Calculations performed revealed that the minimum wall thickness of 
the metallic armature sleeve used for hermetic sealing need be only 
0. 00015 inch based on a differential pressure of 15 psi using standard 
stress equations for thin-wall tubes of aluminum. Stronger materials 
would yield correspondingly thinner walls. However, to check for a 
practical machining capability, a 0. 010 inch wall tube was fabricated. 

With successive grinding operations, a 0. 003 wall thickness was arrived 
at. The 0. 003 tube was considered too thin for practical use in a motor 
since it was questionable if the tube was round when removed from the 
grinding arbor. Further handling by insertion in the motor caused the 
tube to split on the ends. A 0. 005 inch wall tube appeared much more 
stable in relation to handling and resistance to bending. It was concluded 
that a 0. 005 inch wall would be the thinnest possible tube for practical use 
in the motor. 

Various materials, listed in Table 6, were considered for usage; however, 
only those materials tabulated in Table 7 were chosen for further evaluation. 
Table 7 shows the results of motor efficiency tests made with sealing tubes 
of these materials. 
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PROPERTIES 

MONEL 

R 

INCONEL 

(600) 

ALUMINUM 

6061-T6 

NICHROME 

STAINLESS 

STEEL 

(303) 

TITANIUM 

RC-55 

HASTE LLOY 
ALLOY-C 

Density 

lb/in 3 

0.305 

0.300 

0.098 

0.298 

0.290 


0. 323 

Thermal 

Expansion 

in/in/°F 

7. 8xl0~ 6 

9x1 O -6 


7. 5x10" 6 

9. 6xl0 -6 

4. 8x10"® 


Modulus of 

Elasticity 

(Psi) 

26xl0 6 

31xl0 6 

lQxlO 6 

30x10® 

30x10® 

15. 5x10® 

28.5x10® 

Electrical 
Conductivity 
% of Copper 

4 

3.5 

45 

1.6 

32, 3 

3.1 

1.33 

Magnetic 

Permeability 

M 

1.03 

1.0028 

1.00 

1.0 

1.003 

1. 00005 

1.000 

1.001 

Specific 
Resistance 
ohm -cm 

58.1 

98.1 

4.31 

112 

72 

48.6 

133 

NOTES: 

Must be 
silver 
brazed @ 
1175°F 
(not 

weldable) 

Can be 
soldered 
(Acid 
Flux) 

Can be 
soldered 

Can be 
soldered 

Can be 
soldered 

Fabricat- 
ion Expen- 
sive 

Can be 
soldered 


TABLE 6 

GENERAL PROPERTIES OF METALS CONSIDERED FOR SEALING-TUBE 


k7 






















































MATERIAL 

TUBE 

WALL THICKNESS 

ROTOR 

AIR GAP/POLE 

TOTAL AIR GAP 
PER POLE 

MAXIMUM MOTOR 
EFFICIENCY PERCENT 

303 Stainless 

0. 003 

0. 003 

0.006 

44 

303 Stainless 

0. 005 

0. 003 

0. 008 

50 

None 

- 

0. 008 

0.008 

50.3 

Aluminum 

0. 005 

0. 003 

0.008 

35.2 

Inconel 

0. 005 

0. 003 

0.008 

50.5 

Nichrome 

0, 003 

0.005 

0.008 

48 


TABLE 7 

EFFECTS OF SEALING-TUBE MATERIAL AND WALL-THICKNESS 

ON MOTOR EFFICIENCY 


Data shown in Table 7 was extracted from Figures 8 through 12 of the 
monthly report for October, 1963. From the efficiency data of Table 7 
it was concluded that the 0. 005 inch stainless tube was better than the 
0. 003 inch stainless tube. No explanation can be given for this pheno- 
menon at this time. The data indicated that material selection would 
be relatively unimportant if the resistivity were equal to or above that 
of stainless steel 


b. End- Cap Seal 

(1) Sealing Techniques 

(a) One of the most important characteristics of the sealed motor 
housing material is that of solderability. Three materials 
were chosen to be evaluated for this application, namely: 
aluminum, stainless steel, and yellow brass. Solderability 
tests were conducted using sample parts which simulated the 
shaft end of the motor housing. As was expected, the aluminum 
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would not solder to the nichrome tube, and the stainless steel 
specimen would solder only by using high heat and corrosive 
flux. The brass specimen soldered easily to a pre-tinned 
nichrome tube. 

(b) The next series of tests was conducted using stainless steel and 
nichrome with a copper flash under tin plating. This combination 
proved to be extremely easy to solder using a small soldering 
iron (37-1/2 watt) and Kester "44" solder. Kester "44" resin 
flux is believed to be the most active resin flux known to soldering. 
It has been found non-corrosive by MIL-S-6872 and USAF Spec. 

No. 41065-B, method 31. 

(c) Stainless steel was selected for this application because of: 

★ Ease of plating for solderability 

★ High strength, which permitted thinner housing walls 
which, in turn, permitted use of larger laminations for 
increased efficiency 

★ Thermal expansion rate, which was closer to that of 
the laminations and nichrome tube than that of 
aluminum or brass 

★ Low galvanic corrosion rating in combination with the 
nichrome and tin-lead solder combination. 

(2) Difficulties Encountered at Assembly 

Several end caps failed to solder properly to the housing until 


activated flux was applied to the end cap and housing. All possible 
precautions were taken during this operation to prevent contamination. 
The parts were made from stainless steel which is not solderable at 
low temperatures. A copper flash was applied and electroless tin 
plating was added. The above problem may have been caused by 
porosity of the copper flash, which would permit galvanic corrosion 
of the base metal in the tin-plating solution, or by handling during 
inspection and assembly, which could have resulted in contamination 
and/or loss of tin plating. 

The above causes of poor solderability will be eliminated or minimized 
on future contracts by the following corrective action: 

(a) Special handling procedure during inspection and assembly of all 
parts that require tin plating. 

(b) Increased copper and tin thicknesses from . 0002" to . 0005". 
Lamp-to-Base Seal 

It was originally planned to seal the lamp to the base with solder glass. In 
order to obtain proper fusing, the lamp and base assembly must be heated to 
approximately 450°C. It was experimentally determined that the lamp 
intensity had decreased after assembly of the lamp to the base with solder 
glass. A series of tests was performed to determine the magnitude and 
effect of this change (see Table 8). From this series of tests it became 
evident that the lamp characteristics were adversely affected. It has 
been determined that the change in characteristics of the lamp was a 
result of partial loss of vacuum caused by heat applied during fusing. 



Before Fuzing Lamp to Base 


After Fuzing Lamp to Base(oven at 450°C) 


.Lamp 

No. 

Photo Cell 
No. 

Sensor Current (pa) 
At Lamp Voltage 
of 1. 5 volts 

Sensor Current (pa) 
At Lamp Voltage 
of 1. 1 volts 

Sensor Current (pa) 
At Lamp Voltage 
of 1. 5 volts 

Sensor Current (pa) 
At Lamp Voltage 
of 1. 1 volts 

1 

1 

108 

107 

1.4 

0. 05 


2 

107 

46 

0. 05 

0 


3 

102 

25.6 

0.5 

0. 01 


4 

108 

48 

0.09 

0. 01 


5 

108 

51 

0. 05 

0 


6 

108 

72 

1.5 

0. 09 


1 

108 

103 

15.5 

0.5 


2 

107 

60 

18.2 

0.5 


3 

107 

27.3 

11.0 

0.5 


4 

107 

59 

8.5 

0.2 


5 

107 

42 

8.4 

0.2 


6 

107 

52 

15.1 

0.5 

3 

1 

107 

91 

74 

7.5 


2 

107 

42 

28 

1 . 1 


3 

107 

31 

30 

2.5 


4 

107 

36 

46 

3.6 


5 

86 

20.4 

30 

2.0 


6 

107 

46. 0 

41 

3.7 


TABLE 8 

FIRST LAMP TO BASE SEALING METHOD 
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The assembly technique was altered in an attempt to minimize or 
eliminate completely the above condition. Table 9 shows lamp 
performance after the assembly technique was changed. These 
results indicate that after the introduction of the new technique, the 
lamp intensity did not decrease as it did when the original sealing 
technique was used. Subsequently, several lamp-and-base assemblies 
fabricated by this method were checked for leaks by means of the 
Helium Mass Spectrometer. All of the assemblies had very high leak 
rates. The leakage occurred at the metal-to-glass interface. To 
obtain sealing at this interface would require that the metal base reach 
approximately the same temperature required to melt the solder glass 
(450°C). Since the lamp intensity is affected at this temperature, an 
attempt was made to work with the metal base at a lower temperature, 
without success. 

Another method used for lamp-to-base sealing employed an inorganic 
silicate-base cement (Sauereisen #1) for heat shielding and mechanical 
support during the fusing operation. The solder glass was fused over 
the cement for hermetic sealing. The same problem occurred as before; 
the metal-to-glass interface leaked. This again appeared to be a result 
of insufficient heating of the metal base. The next approach for sealing 
was to use an epoxy with gold vacuum-deposited on the surface to be 
exposed to a vacuum. The heat produced due to exothermic reaction 
of the epoxy during the curing cycle was dissipated very quickly. In 
fact, the lamp-and-base assembly essentially remained at the ambient 


Lamp 

No. 

Photo Cell 
No. 

Before Fuzing Lamp to Base 

After Fuzing Lamp to Base 
(Localized Heating) 

Sensor Current (/xa) 
At Lamp Voltage 
of 1. 5 volts 

Sensor Current (/xa) 
At Lamp Voltage 
of 1. 1 volts 

Sensor Current (/xa) 
At Lamp Voltage 
of 1. 5 volts 

Sensor Current (/xa) 
At Lamp Voltage 
of 1. 1 volts 

■ 

1 

110 

93 

110 

100 

■ 

2 

110 

58 

110 

58 

■ 

3 

110 

58 

110 

51 

■ 

4 

110 

50 

110 

50 

1 

5 

110 

50 

110 

49 

m 

6 

110 

72 

110 

68 

2 

1 

110 

81 

110 

69 


2 

110 

30 

102 

21 


3 

107 

29 

90 | 

20 


4 

101 

24 

93 

20 


5 

100 

23 

65 

15 


6 

110 

51 

110 

30 


TABLE 9 

SECOND LAMP TO BASE SEALING METHOD 
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temperature during the entire curing cycle. The problem mentioned 
previously (degradation of lamp characteristics) was eliminated 
completely by this method. 

The Bacon Industries epoxy resin LCA-4 was selected because of its low 
coefficient of linear expansion, good thermal shock characteristics, and 
the fact that it does not produce condensible volatiles when heated. The 
coefficient of linear expansion for LCA-4 epoxy is: 17 x 10 ® inch/inch/°F. 
The average epoxy has a coefficient of linear expansion of the order of 
(40 to 75) x 10 ** inch/inch/°F. 

This method utilized the epoxy for mechanical support and preliminary 
sealing. The gold was then vacuum deposited on the exposed surface to 
complete the sealing. The subject of vacuum deposited gold to achieve 
hermetic sealing was discussed at length with several people familiar 
with this process. The general opinion was that the film of gold produced 
by this process would not be continuous over the entire surface. During 
leak testing with the Helium Mass Spectrometer, a lamp and base assembly 
(epoxy with vacuum-deposited gold) failed to pump down. It was found 
that a small void (approximately . 0001 to . 0005 inches in diameter) was 
present in the epoxy. This assembly was electroplated to a thickness of 
. 000150 inch, approximately, with gold. The assembly was rechecked 
for leakage after completion of electroplating. No detectable leak was 
observed during this check. This indicates that the void was effectively 
sealed by the electroplating. Unfortunately this does not ensure that the 
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plating was continuous over the entire surface. A continuous surface of 
metal over the epoxy is essential if a true hermetic seal is to be obtained. 
This is necessary due to the permeability of epoxy resin. 

Permeability of Epoxy LCA-4 to air 


@ 75°F 

1 x 10 ^ cc/sec/cm/atm 

@ 200°F 

-9 

1 x 10 cc/sec/cm/atm 


The permeability of epoxies will increase where exposed to certain compounds, 
i. e. LCA-4 Epoxy will swell when exposed to toluene, increasing the perme- 
ability to air approximately 200 times the original value. 

Conclusion: 

The epoxy seal cannot be considered a true hermetic seal, since it is 
permeable to gasses. The vacuum gold deposit with additional electro- 
plated gold may or may not yield an hermetic seal, depending on continuity 
of the plating. It does appear that this method would not be feasible since 
a very elaborate inspection technique would be required. 

Figure 13 illustrates the sealing technique used on the delivered motors. 

d. Leak Rate 

Originally it was planned to use the Radiflo method for leak-testing the 

motors. Subsequently it became apparent that the motors might become 

contaminated during these tests if such a method were used. Upon 

mutual agreement between Goddard and Sperry Farragut this method 

was replaced by the Helium -mass-spectrometer method, and the pre- 

—8 

viously discussed leak- rate of 1 x 10 cc/sec. maximum was relaxed to 

_5 

1 x 10 cc/sec maximum. 
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Nichrome Tube 



FIGURE 13 

TUBE-TO-LAMP HERMETIC SEAL 




Packaging 

a. Electronic Commutator 

(1) The electronic commutator package consists of five printed 
circuit boards TB1 through TB5. Boards TB1, TB2,and TB3 
are identical and contain the preamp stages of the 6 commutator 
switches. Components on these boards are approximately the 
same height to provide maximum packaging density. Board TB4 
contains the power output transistors. Board TB5 contains the 
starting circuit and monitoring terminals for photo-device leads, 
main and auxiliary windings, and other wires from each of the 

other four boards. The starting circuit was placed in its present position 
at the end of the motor to facilitate final wiring during assembly 
and for ease of troubleshooting. Another advantage of the position 
of this board is that it may be removed or replaced by another 
board if other designs should not require a starting circuit. 

(2) The components in the electronic commutator were encapsulated 
with G. E. RTV-108 silicone rubber sealant. This material was 
chosen because of its ease of application and its mechanical 
stability at temperatures ranging from -75°F to +300°F for 
extended periods. RTV-108 comes ready-mixed in an application 
tube and can be applied without a primer or catalyst. The 
material air- dries in 24 hours without the addition of heat and 
provides excellent environmental protection, vibration resistance, 
and transparency (such that the electronic parts remain visible). 
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If repairs must be made in the electronic package, this encapsulating 
material can be cut away to expose the faulty component. The hole 
can be refilled with new material after the circuit has been repaired, 
without detriment to the remaining encapsulation. This same material 
was added to the rear of the tube-and-lamp assembly to reduce vibra- 
tion of die leads from the lamp and sensors. 

(3) Stranded wire in the circuit board assembly was replaced by solid 
bus wire (Alpha Wire Co. 299/3, #30 AWG). Until this change was 
made, these interconnecting wires were frequently broken or damaged 
during assembly and test. 

(4) Elimination of more than 40 percent of the electronic components that 
were used in the commutator of the earlier three-watt motor was 
accomplished by making several innovations. Among these were the 
change from a full-pitched ring winding in the armature to a chorded- 
delta winding with an accompanying increase in aperture size in the 
light shield, the substitution of a half-wave bridge for a full-wave 
bridge in the starting circuit and the use of micro-packaged diodes 
and transistors wherever possible. This removed the need for the 
large separate commutator cover and made it possible for the elec- 
tronic circuitry to be packaged in the motor housing with only a 
small increase in housing length. 

(5) Over-all Packaging 

The over-all packaging layout is shown in Figure 14. The major 
components and assemblies are shown before final assembly (and 
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the encapsulation of the circuit board assembly) in Figure 15. 

The assembled motor is shown in Figure 16. 

C. DELIVERABLE MOTORS 

1. Configuration 

The salient mechanical details and electrical characteristics of each of the 
six motors delivered to Goddard are listed in Table 10. Because of the 
developmental nature of the program, there are minor differences between 
these motors and the final designs represented in the final drawings. 

2. Performance 

Test data showing the actual performance characteristics of the six motors 
delivered to Goddard Space Flight Center are presented in graphic form in 
Figures 17 through 22. 

D. RELIABILITY 

1. Design Improvements 

a. The half-and one-watt motors have a higher reliability than the earlier 
three-watt motor for several reasons. In addition to standard derating 
practices recommended by component vendors to allow for ambient 
temperature extremes, critical components were further derated to 
ensure longer life. For example, the lamp in the electronic commutator 
operates at twenty-five percent of its rated voltage, even though it 
gave every indication of excellent reliability in environmental and 
accelerated life tests. 


6o 



LIGHT SHIELD WITH 
120-DEGREE APERTURE 
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FIGURE 16. ASSEMBLED HERMETICALLY SEALED BRUSHLESS DC MOTOR 
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CHARACTERISTICS OF BRUSHLESS DC MOTORS DELIVERED TO GSFC 
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Sheet 3 of 3 



TEST DATA 

BRUSHLESS DC MOTOR 



TORQUE, IN. OZ. 
FIGURE 17 
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Eff. Percent (Lamp Losses included) 



TEST DATA 

BRUSHLESS DC MOTOR 

Serial No 9£>2 ' / 
Input Voltage 

TESTED BY TEST DATE 



TORQUE, IN. OZ 
FIGURE 18 
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Eff. Percent (Lamp Losses included) 






TEST DATA 

BRUSHLESS DC MOTOR 


Serial No. 

Input Voltage 

TESTED BY TEST DATE 'Zz. 
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Eff. Percent (Lamp Losses included) 








TEST DATA 

BRUSHLESS DC MOTOR 

Serial No ^ ^ & M rr) ?fZ/ 

Input Voltage 

TESTED BY TEST DATE 



TORQUE, IN. OZ. 
FIGURE 20 
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Eff. Percent (Lamp Losses included) 



TEST DATA 

BRUSHLESS DC MOTOR 

Serial No. WTrJ W 

Input Voltage 

TESTED BY TEST DATE 7 - <?£_ 



FIGURE 21 
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Eff. Percent (Lamp Losses included) 






TEST DATA 
BRUSHLESS DC MOTOR 

Serial Nn C£_ V7 

Input Voltage 

TESTED BY TEST DATE 



TORQUE, IN. OZ. 
FIGURE 22 
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Eff. Percent (Lamp Losses included) 






b. Ruggedized integrated miniature circuitry was introduced in the commutator. 
The five hollow-disk circuit boards, stacked with collinear centers, have 
been braced with three continuous pillars to give greater mechanical 
rigidity. The entire electronic section of the commutator has been encap- 
sulated in a compound that has good transparency to facilitate final inspec- 
tion while improving shock and vibration resistance. Hermetic sealing of 
the commutator has eliminated any danger of bearing contamination that 
might have resulted from outgassing from the encapsulating material or 
wiring insulation in a hard-vacuum environment. 

c. The reduction of the number of electronic components in the commutator 
by more than 40 percent gave a substantial increase in the reliability of 
the half- and one-watt motors over that of the earlier three-watt motor. 

d. The reliability tests and calculations described below indicate that a 
predicted reliability figure in excess of 95 percent for a one year mission 
was achieved as required. 

Reliability Analysis of the Half-Watt Motor 

a. The reliability of the half-watt motor (P/N 9847) was computed for the 
four different ’’minor-fault" modes in which the motor will continue to 
operate. These modes are included in the test data listed in Table 11. 
Various numbers of segments were deleted at an ambient temperature 
of 25° C with a nominal supply voltage of 24 VDC. Figures 23 through 27 
are the block diagrams representing these minor-fault operating modes 
along with the applicable reliability parameters. The reliability figures 
given in the blocks apply to 10, 000 hours of operation. The derivations 
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RELIABILITY DEPENDENCY DIAGRAM FOR HALF-WATT MOTOR 
























Commutator Switches 
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RELIABILITY DEPENDENCY DIAGRAM FOR HALF-WATT MOTOR 

(FAILURE MODE B) 
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RELIABILITY DEPENDENCY DIAGRAM FOR HALF-WATT MOTOR 

(FAILURE MODE C) 





Main Switches Starting 

Lamp Winding No. 1 Circuit R-16 T. B 



RELIABILITY DEPENDENCY DIAGRAM FOB HALF- WATT MOTOR (FAILURE MODE D) 








Main Switches Starting 

Winding No. 1 Circuit R-16 T.B. 1 T.B. 
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RELIABILITY DEPENDENCY DIAGRAM FOR HALF-WATT MOTOR (FAILURE MODE E) 












of these figures and those applicable to 8,760 hours (one year) of 

operation are shown in Appendix HI, "Reliability Analysis of 

Components for Half-watt Brushless DC Motor". 

b. The motor- reliability calculations were made with the following assumptions: 

(1) No mechanical hardware (e. g. bearings) is included in the calculations. 

(2) The lamp has been given a failure rate of 0. 020 percent 
per 1000 hours. 

(3) It is assumed that the motor will continue to run so long as it has 
a current path through the winding, as indicated by a through path 
on the applicable reliability dependency diagram. 

(4) The mission reliability figures R m (for 10, 000 hours and for 8,760 
hours) for the half-watt motor as shown in Figures 25 through 27 
apply to the one-watt motors also. 

(5) The reliability figures for each of the four failure modes (0, 1, 2, 

3, and 4 commutator switches failing) are based on the assumption 
that the speed to which the motor will drop in each case is not 
sufficiently low to represent a catastrophic failure. 

(6) In the cases where it is assumed that three or four commutator 
switches can fail without an excessive loss in speed, the reliability 
figures did not change significantly. 

(7) In the case where it is assumed that two commutator switches 
can fail without an excessive loss in speed, the choice of these 
two has been limited for simplicity. The special case presented 

in Figure 25 is limited to the failure of two odd- or two even-numbered 
commutator switches. 
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(8) Switch numbers used in Figures 23 through 27 are taken from the 
schematic diagram of Figure 12. 

c. Data sources utilized for these reliability calculations, other than 
in-house information, were: 

Interservice Data Exchange Program (IDEP) 

RADC Reliability Notebook 
Defense Documentation Center (DDC) 

MIL Handbook 217 

E. RECOMMENDATIONS 

1. Changes 

It is recommended that the following changes be made in any follow-on contract: 

a. Sealing Sleeve 

Increase plating thicknesses of copper and tin to 0. 0005 inch to improve 
solderability of the end cap to the tube, and use induction heating to 
accomplish the soldering. 

b. Commutator 

Re-package the electronic commutator for increased mechanical rigidity. 

2. Investigations 

It is recommended that future work should include the following investigations: 

a. Rotor 

(1) Shape the pole faces to make the flux distribution pattern as nearly 
rectangular as possible instead of sinusoidal. 
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(2) Adjust the width of the rotor across the flats in an attempt to 
reduce cogging. 

b. Sealing Sleeve and Stator 

(1) Investigate the possibility of reducing the amount of sealing 
required in the motor. This would involve the elimination, 
wherever possible, of materials from which outgassing might 
occur and the substitution of new materials. 

(2) Determine whether or not the addition of a secondary winding and 
an accommodating modification of the commutating circuit will 
result in an appreciable reduction in commutator power loss. 

(3) Investigate further the flexibility of existing Sperry Farragut stator 
designs. An indication of this flexibility has already been obtained 
by rewinding the stator from a one-watt motor with 62 turns of 

#28 heavy Formvar wire and driving it with a heavy duty commutator. 
As shown by the performance curves of Figure 28, the motor reached 
a peak efficiency of 62 percent at 14, 200 RPM. At that speed it 
developed two in-oz. of torque and drew 1. 25 amps. These figures 
correspond to a power output of 21 watts for a power input of 35 watts. 

c. Commutator 

(1) Consider a lower-cost replacement for transistor Q20 (Figures 11 
and 12). 

(2) Seek a smaller, lower cost diode for suppressing transients. 
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(3) Investigate new techniques for mounting and connecting the photo-devices. 


(4) Investigate the possibility of using newly developed electronic com- 
ponents to reduce the size and weight, and raise the efficiency and 
reliability of the electronic commutator. For example, determine 
whether micro-packaged transistors could be used in the six preamp 
stages. 

F. DELIVERY OF MOTORS 

As mentioned in paragraph IV. A. 5, the revised delivery deadline was met by Sperry 
Farragut Company. Table 12 shows the date on which each of die motors was 
shipped to Goddard Space Flight Center. 


Part Number 

Size 

Serial 

Number 

Date 

Shipped 

ENG 9821-A 

1 watt 

SF-1 

6-30-64 

ENG 9821-A 

1 watt 

SF-2 

6-18-64 

ENG 9821-A 

1 watt 

SF-3 

7-1-64 

ENG 9821-A 

1 watt 

SF-4 

6-30-64 

ENG 9847 

1/2 watt 

SF-1 

7-1-64 

ENG 9847 

1/2 watt 

SF-2 

6-18-64 


TABLE 12 

DATES OF SHIPMENT OF COMPLETED MOTORS 
TO GODDARD SPACE FLIGHT CENTER 
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G. DOCUMENTATION 


1. Progress Reports 

Progress on this contract was reported to Goddard by means of monthly 
progress reports. These included summaries of work accomplished during 
the reporting period and the effectiveness of such work, statements regarding 
conformance to the work schedule and the adequacy of funds to complete the 
task, and statements of the work efforts planned for succeeding reporting periods. 

2. Drawings 

a. A complete set of drawings for all parts, assemblies, and permanent 
tooling for this contract was developed and maintained at Sperry Farragut. 
One set of brownline reproducibles and one set of blueline prints of the 
final engineering drawings were shipped to Goddard shortly after the 
motors had been shipped. Many of these drawings were common to both 
the one-watt and the half-watt motors. Drawings such as those portraying 
the top assemblies, circuit boards and stator-winding assemblies were , of 
necessity, kept separate for the two motor types. 

b. Motors made to the above-mentioned drawings will incorporate the best 
features of the engineering developmental models already delivered to 
Goddard. All differences between the delivered motors and those 
represented by the final drawings have been tested in Table 10. 

c. Final Report 

This report is the Final Report required under Contract NAS 5-3582. 
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APPENDIX I 


ARMATURE WINDING ANALYSIS FOR A BRUSHLESS 

DC MOTOR 

(Written in terms of the original 60 -degree commutation angle) 



LIST OF FIGURES 


1. Full-Pitch Lap- Winding 
2a. Full-Pitch Coils 
2b. Chorded Coils 

3. Modified DC Winding 

4. Reference Points for Modified DC Winding 

5 . Wye Winding 

7. Reference Points for Wye Winding 

8. Delta Winding 

9. Equivalent Circuit for Delta Winding 
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ARMATURE Wl NDl NG* A^OALYSl'S 
FOR A BgUSMLESS DC MOTOR 


OPTIMUM MOTOR PERFORMANCE IB 
OBTAINED WHEN THE AVERAGE VALUE OP 
THE COUNTER EMP INDUCED IN THE ARMATURE 
WINDING* 1*5 MAXIMIZED AND THE ARMATURE 
WINDING* RESISTANCE IS MINIMIZED. THE 
FOLLOW] l NG* ANALYSIS IS AN INVESTIGATION 
OP VAR I OUS WINDINGS W IH I C H MAY BE 
USED IN A TWO PONE BEUSHlESS MOTOR 
WITH 12 ARMATURE SLOTS. 


A. FULL PITCH LAP WINDING 

THE ~5 ~ WATl GSFC MOTOR USED 
THE FULL PITCH WINDING shown BE now . 


SLOTS \ 2 3 4 5 <o 7 & 9 to II 12 



FULL PITCH NAP WINDING* 

P I GORE 1 

THE DIRECTION OP CURRENT IN THE 
ARMATURE CONDUCTORS IS SHOWN FOR THE 
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COMMUTATION PERIOD DOeiOG^ VMWICW THE 
TERMlRAL VOLTAGE IS APPLIED BETWEEO 
COMMOTATilO^ TAPS 2 ARD S. TP IS PEEiOD 
EXISTS FOR, ORE SIXTH CP A REVO LOT I OR 
OF TUG eoTOR. 

e MCDiPlED LAP WnOPUOGi 

THE w'lRDlRGv OF FI TOPE 1 WAS TWO 
full pitch coils between ADJACENT 
COMIviUTAT I D<T TAPS. ORE SET OF THESE 
COILS IS SHO'AJH |R F 10*0 REE 2 A ( BOT FKTUPe 
2 B SHOWS TWO F PACT I ORAL PITCH COILS 
(CHOEDED coils) THAT PRODUCE THE SAME 
MAE\DET|C EFFECT WITH LESS ELD WILD- 
IRC. LE R> T.T H 



FULL PITCH COILS CHOPPED COILS 

FlTOPE 2 A FKqUEE 2B 

A COMPLETE WILDlL vq L)SIR<T THE 
CHOEDED COiLS IS 5HOWL HO FICUEL S . 
THIS WlRDl LA IS EXACTLY EC^OIVALEUT TO 
FIGriRE 1 EXCEPT THAT EACH COIL SPARS 
ORLY 5 SLOT PITCHES ILSTEAD OF 0 . 
THIS RESULTS IR ABOUT A 17 PEECEUT 
Deduct 1 or) no erd wJirdirc volume ald 

A IO PERCERT EEDUCTlOC MO ARMATURE 
BESISTALCe . 
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5LOTS l 2 'S A 5 <o 7 © ^ IO II 12 



MODiPlED DC WlODlDG, 
PIGUEE 3 


FIGUEE 3 IS A HYBRID FULL PITCH 
WlDDlDCS^ U5IL3G, CMOEDED COILS . IT IS 
DOT A COLVELT\OLA,L CMOEDED LAP WltOD- 
ID<=*. AS ID> FIGURE 1 TWE DIEECTOU OF 
CUEBEUT FLOW IS TME SAME ID Al_L COO- 
DUCTOES OP EACM SLOT DUElOGf. EVERY 
PEEIOD OP COMMUTATIOL. TNE COUDlTlOOS 
OP cobredt plow ID FIGOEE 3 mat be 
REPRESEUTED id PlCrOJB-E 4 WM I CPI IS MOEE 
SUITABLE FOR. ANALYSIS op TME VOLTAGE 
INDUCED ID THE WtDDlDG^ BY TME FIELD 
FLU X . 

SEARCM COIL MEA5UEEMEOTS OP TME 
AltS. (^AP PLUX ID THE EX l ST I D(q GSFC 
BRUSMlESE motors SHOW THAT THE 
FIELD PLUX DISTBIBUTIOL IS LEAElY 
SILOSOIDAL. FOR THIS ALAlYSIS IT WILL 
BE ASSUMED THAT TME AlSR G^AP PLUX 
DlSTBiSUTlOU MAY BE WITH RE — 
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5PECT to the eoto£ axis BY - 

d) B(c<) - B 0 GAUSS 

WHEEE Y IS A VO AUC^LE MEASURED APOOVOD 
THE At P (qAP PeOM TWE POTOR PEFEeEVUCE 
AXIS. THE PLUX MAY BE EEFEeEE O TO THE 
'5TATOI2. (AEMATUPE) AXIS BY UBIVOC^ THE 
KELATIOKJSm P - 

(2) Y = 

WMEE.E Y IS AVO AVOG^LE MEASURED APO OVO O 
THE Aie G^AP PEOM THE STATOE PEFEPEUCE 
AXIS AVOD $ IS THE EOTOe FOSlTlCVO AMG^UE- 

(3) 5 ^ ^ “ B c Cj6-*zj (y' GAO SS 

THE Vv/lVODIVOG. COOTAIOS \ 2. COILS (TWO 
EACH \VO THE SAME SLOTS) OF U c TUP VOS 
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EACH AVOID EACH SLOT COVOTAl VJT> = 2L>o 
CO tODUCTOE S Al_C CAERLYHOG^ CUe^EUT IVJ 
THE 5AME DlEECT lOO • FtSO^E 3 SHOVJS 
TH AT THERE ARE TWO PAS2AL.LEC CUPPEV3T 
PATHS THROUGH THE WilODlOS|. THE FLUX 
WHICH LHARS WITH COIL^" IH FIGURE 4 IS- 


0 



RL 
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i2. 

B u CjSt^Zj 


(y- 4)JLv 


-M 

12 . 


* 22LB 0 MAXWELLS 


WHERE £.= AIR SAP RADIUS (cm.) 

C= " " Ax i AC CEKOCGCTH (_CM .) 

Coil A' ccotahjs u c = ? V2 topics ald the 
fllx LUURAGES WITH coil, a' are - 


(§) 



RLE 6 2^ 


5TT 


Cem. 



MAX WELL- TO PCS 


BY SYMMETRY THE SAME FLUX LULLS 
WITH COIL "A" ALD THE TOTAL FLUX LUOVC- 
ACES WITH BOTH SERIES COLLECTED 
COILS IS - 


© \ * 2 BLBA XlOH; T" (^~(^) 


MAX WELL— TOI2MS 


SIMILARLY > I 14 E FLUX L1L<A^ES FOE THE 
B ALD C COIL SETS ABE - 

CD = 2 E CB 0 £ S if (jt- f) 

+C. - 2RL6 8 ^ ^ ($- W) MAXWELL- TO EDS 

ald The total flux ullages for acc 

COILSIUTHIS CURRELT PATH ABE - 
® 'P = 4 PLB c E b tJ MAX WELL- TuRvus 
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IF THE eoTOE. I20TAT GE S AT COVJSTaUT 
AOG^ULAe VELOCITY (l«j) it FOLLOWS that 

(D OJ ® ^ ead/sec 


ALO THE VOLTAGE IVODOClSD 1*0 THE A2MATUEE 
IS 


© 


oe 


a*t ^<p^t 


0 = — A LO £LB 0 ^s “ CerOsC^ 


ABVOLTS 


This eqoahod mat be ^implTieD by 

l LTR.ODUC \|OG. THE TOTAL FIELD FLU Y PEC. 


POLE 

0 


+Jr 


$ = £l\s 0 C£K 2 , of Jlo< - 2 2 LB 0 


TT 


MAXWELLS 


tuevo - 

(0 e - 


2 U 3 2 ? s ^ ^ 






ab.volT s 


THE OBJECTIVE IS To OBTAIW) THE_ 
MAXIMUM AVtEAAu INDUCED VOLTAGE 
OVE2 A <oO DEGREE COMMUTAl I OVO ZOVOE. • 
EV l O EOT l_Y THIS. OCCURS FOE THE BOTOE 
AVOGrL-lE - ■% ^ +V& FOE WHICH THE 

A\iBeA<SEl VOLTAGE IS 

4 *u: 

(3> |E Avt |* ^0 ^ | = ao Z*® aa ^ -- ABVOCTS 

- 3 L 

fe 

LET YL = ePM 

AVUD Z = 12 2 * TOTAL. A^MATOeE OOlUPUCTOeS 


THEVU 

<0 


= .Old ABVOLTS 

go iz 
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TMG EESISTAVJCE 05= A SUO^UE CON- 
DUCTOR (C* - 

<H> - P - - ABOUMS 

Ac. 

^mese p = resistivity op wire: (abomm- cm) 

L t = LEDQTH OP CO 50 DOCTOR, (cm) 

A*.* AEEA OF COIODOCTOR. (sQ-Cvf) 

IF THE SLOTS ARE PILLED TO CAPACITY 
THE FOLLONAi IDQ EQUATlC VO IS VALID 

(£) = A c g = SQ. CM. 

I 2 

WHERE = AREA CP ODE SLOT- 

THEN - 

<Q) A 0 = (?J-c -2- A BOP M'S 

1 2A^ 

THE EE5ISTAVJCE OP THE ENTIRE WINDING* 
WITH TnaJO PA5SALLE L CURRENT PATH'S IS- 

@) = gJ -- 5. ( -g 2 \ ABCHMS 

4 12 \4 j 

IT 1C) ASSUMIED HERE THAT IT IS ALWAYS 
POSSIBLE TO OBTAIN A WIRE SIZE WMlCW 
COMPLETLT FILL'S THE SLOTS FOR ANY 
REQUIRED DUMBER op CONDUCTOR'S . 

C. WYE WINDlVJC, 

A 2 POLE , 1 2 SLOT DC ARMATURE MAY 
ALSO BE would W ITM a THPEE PHASE 
WYE WlVODlNQ AS REPRESENTED ID FIGURES 
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Ou 



WYE WlOOlDGr 
P l Cr*0 CE 5 

A SUOPDE FULL PITCH LAP WlOD\DcS<. 
MAY BE USED HAVIUG 4 COILS PER PFASEj 
BUT Al_l_ 4 COILS WOULD OCCUPY OVAL.Y 4 

5 lois as no Ficoee 2 A . evideutlY the 

WltOOlDCA PESISTAUCE CAD be REC>OCEC> 

BY USl DG^ TME OHOPCPED COIL. ARPAOEE" 
MEUT OP FIEUEE 2B, 

TUB \a/ YE V7\ ODlWJCx IS COMMUTATED 

six Times pee levolutico by applYiog- 

VOLTAGE ©ETWEED TEEMIUALS CL ^ b> , 
AL^C, b^ C , Cu j ETC. . ODL.Y TWO PHASES 

CAPE.Y COC.V2.SVOT AT AOY WOSTADT. FT CEO PL Co 

eepeeseuts the wye. wood d statoic 
ADO ROTOR With THE STATOe refeeedos 
axis TAPED ALOD<A TME MA^UETIC AXIS, 

OF P M AS €E C L • T ME P v Li X I — I iO D I VU tr OO I I — LL | 

OP PHASE CL IS - 

-v‘5JE 

© $0., = EuCBoC^.(vY)Yy 

l 2 

- 2 P.LBo^'^' MAXWELLS 

AMD TME FLUX LlULAGES WITH COIL AL, 


9A 



FUS^ueE 7 


WHICH HA5 2 S TO£DS (OR. COHDUCTOR'S PER 
slot) Aee - 

© hr 2A m <2^ MAX\a/ELL-TURUS 

BY SYMN/1E.TR.Y THE FLUX LIIODAC^F'S WlTHl COIL 
3.* AeE TWE SAME AS FOE. COIL a,, ADD SHDCG 
THESE COIL'S AEE ID Se£lE<S TME TOTAL 
FLUX HDHAC t E'5 WITH PHASE <T AEE 

© +a.= ^E.Lt ^ 

OIE- 4^, * 2-3?^ C#xz<£ MAXWELL-TUEK3S 

WHERE CD = 2£LB 0 > TME TOTAL. FLUX PEE 
POLE . 

SIMILARLY Foe PHASES b ADD O 
4^ = 2 Z?«,d3 /XCSHJ Tz. 2. 

4^0 " J2z?<,3J TzT^<*-cZ, maxwell -torus 
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T ME VOLTAGES UODOCEO HO GACW PHASE 
WITH! RESPECT TO THE UEOTeAL A2E - 

t£3> So. 55 2 CO 7£ &*csyt- <J> 

6^= 2 Co ?-i<P fr (4 ~ ^f) 

<2 C ~ 2 CO xz^*o> /< 2 ^ k . (4 -b ABVOLTS 

AND TUE VOL.TAc^E.'S INDUCED BETWEEN) 
TEEMIUALS A^E. 

@) CaJo^ C ~ 4oo5f % $ + 

ObcT fi 0 - S b = 4 Ou 2^0 s<xs>o' 9 {i CjtxL fi 

2a7 e c * 4co2^£ ABVOLTS 

COUGIDEe VOLTAGE <E bo . FOE. A MAX l ML) M 
AVERAGE VOLTAGE COMMUTATION MOST 
OCCUR. DU2.IUG -Tfc ^ ^ +% FOE WHICH" 

(IB lE^sl - ^[4 

= HI 2KE>VL- /4^VL^ 


oe E AVe = .027°) ABVOLTS 

THE NNVE WINDMOS OSES THE 'SAME 
COIL. E>PAVJ AS THE MODIFIED DC \AJU0DUG<^ 
AND THE L.ENCGTH OP A CONDUCTOR IS 
THE SAME FOR BOTH. SlOCE DULY TWO 
PHASES OF THE WVE WHODIW)^ A^E 1VU 
SESiES AT AUY HJSTAMT TUE APMATOGG 
K.E *S> \ s T AMCC \Sb — 

gs> e Y -^2* t = VC (2|V) abohm-o 

c !2Ai V 3 / 
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D Delta WnODUQ^ 

TUE THREE PHA^Eb OF FIGURE 7 
MM ALSO BE COKiRECTED HO DELTA AS lO 
FiciulCE 8 BELOVA, 


a. 



DELTA WlMDuOq 
f \ ce^o e e b 

'L THIS CASE THE PHASE VOLTAGES OP 
EquATlOVO (2|> ARE ALSO THE TERMWAL 
V O LTACEE B> . 

^0) Qtl ~ 2 CO /<Lc^rJ 

^yc. ~ o2 HJ "2?^ (5 

^c*T 2 ojE s <J ^ +-^£) ABVOLTB 

AVOD THE MAXIMUM AVETZACrE VOLTAGE IB - 

@ E*,* * VL SE AB VOLTS 

<bO ,z 

WHICH IB THE SAME AS PO£ THE DC W/k3Dl\0cq 
TUE DELTA WlLDlLG HAS TWO PARALLEL 

Paths which c,emerate the same iodoced 
VOLTAGE but do lot have the same 
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eeS^TAOCfc: . TWE fS.b.'S \'S>TA\OCe OP OUE 
PHASE ~ 

© ^ - frt s (y) abowms 


TME PEL.TA WlUD\>0& MAY BH 
BY TMB CiE_C_U\T OP FKEjOSEE 
PERIOD THIAT A VOLTAGE tS 
AC20SS TEEMIIOALS CL $ b. 


EEPRESE^TEO 

puewo 
> APPLlE 


b b 



PIGU12E ^ 


THE C\£CU\T eC^OAT'OVOS AEt 


V = e a ^ 4- oe a, 


, V-eaL 


V = “(ebc +e c Q )+ = 

oe jl z « 

4 2E^ 

TWE TOTAL. \OP0T COe’KHMST '*=> 

& i* - a,y = ^§r 

=» TP 
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0i\ 


AtO EQUIVALENT DEuTA WINDING RE'BISTAUCE 
MAY BE DEEDED BV — 


<£> A* - 

C.OMPAR lO<£> EQOAT'OVjS $5 ) ALD (3j) LEAD5 
TO 




£~ f ^ ABOUM5 

12 A s \ ^ / 


SUMMAElV 

TME AVEJEAGsE INDUCED VOLTAGE AViO 
TWE EFFECTIVE eES\STA^JCE FOE TME 
TWRE E Vs/HODiNQS AEE 

PC \nuaduog 

Edc = ABVOLTS 

OO Z 

E 0c * PLc (Ez\ ABOWMS 

ilAT V4 ) 

wY£ WhOPuoei 


Ey - f3 ^n: 

c bo ' z 

- pLc 

12 A s L * J 

DELTA WILP'NCt 


go l<L 



AB VOLTS 
ABOMM^ 


A B VOLTS 
ABOMMS 


99 



DtSCUSBtOH 


TWE DELTA mVHODUOG^ G^EUE^ATb^ TME 
SAME VCLTAGDE AS TME DC NA/MODnOG^ FOK. 
A L) EQUAL DUMBER. OP CO VO DO CTO es ^ BOT 
TME EES15TAOCE CP Tw EE DELTA IB 11 
PEBCEDT LO\AEB, THE WYE V^lDDlO^ 

gedeeates The highest voltage , but 

tT ALSO MAS THE HIGHEST EESI BTAVOCE . 
TUE VOLTAGE OP TME WYE V^ILL BE THE 
SAME AS Foe THE DC AVjD DELTA WHUDnOG<S 
IP TUE UOtViBER. OP WYE COVODUCTOeS IB 
REDUCED TO ^/FS . HO THIS CASE THE 
W YE PESISTAVUCE BECOMES — 

@> Ry r £i=c = pU Z'ilf) aeohms 

12 I2A 

WHICH IB THE SAME AS FOR THE DELTA - 

TUE A DU ALT S I B SHOWS TM AT THE W YE 
ADD DELTA WMODHOG^B HAVE LOVU EE RESIS- 
TANCE Tu AO THE <S TAP DC Wl NDtVCXA - 
THEY ALSO REQUIRE ABOUT HALF AS MALY 
solid STATE COMMUTATION DEVICES. 
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APPENDIX n 


DC BRUSHLESS MOTOR WITH A METALLIC ARMATURE SLEEVE 



LIST OF FIGURES 


1. Brushless DC Motor with Stationary Metallic Sleeve in its Air Gap. 

2. Thin Non-Ferrous Shield Attached to a Laminated Iron Armature. 


BRUSHLESS DC MOTOR 
WITH METALIC A^MATOEE SLEEVE 



SLEEVE 


figure 1 


FIGURE 1 REPRESENTS 

A bruswless d c_ motor. 

WITW A ‘STATION ART 
METAL SLEEVE. \VO THE 
AlR (^AP. DURING* ROTATION 
THE AIR G*AP FLO X \N- 
DUCES E DDT CURRENTS 

in the sleeve which 

CAUSE POWER LOSSES). 


A MATHEMATICAL 
ANALYSIS OF FIGURE 1 
USING CYUKiDPlCAL 
COORDINATES WOULD 
INVOLVE BESSEL FUNCTIONS. AS AN 
ESTIMATE THE SIMPLIFIED ^EOMETPY OF 
FIGURE 2 WILL BE ANALYZED 



Fl&OPE 2 


IN FIGURE 2 A THIN > NON-FERROUS 
SHIELD OF THICLVUESS & IS ATTACHED 
To A' LAMINATED , IRON ARMATURE .THE 
PERMEABILITY OF THE SHIELD IS UNITY 






AW>D \VO COMPAe\*~)OVO TME PERMEABILITY OF 
TME WS.OVJ ARMATURE l=S> WOFlKUlTE., THE 
PF-*5l«oT\VlT Y OF THE LAMWJATGD ARMATURE 
'S> AL^>0 E'S^GVOTlALLUY IVOFlLMTE AB COM- 
PARED TO THE SHIELD. 


POR 'SIMPLICITY TME. A\P G^AP VJIUL BE 
MEG^LECTED A\OD A=S TH EE EOTOp TO PUS AT 
A COVJBTAOT VE L.OC.ITY IT* THE PA DIAL. 

FLOY AT TME 'SURFACE OF THE. SHIELD MAY 
BE G*WEIO BY ~ 

CD B, - x)] gau^^j 

wwgpe T - pole pitch 

'SURFACE N/ELOCTY OF FLUX ( CM /4ec) 

E LECT 2QM AQLET 1C COLDITIOOS \MITUllO 
TME SHIELD APE DESCRIBED BY MAXWELL^ 
FIELD EquATlCMS FOP TME QUASI" STATIONARY 
STATE I VO A OOVODOCTIIOQ MEDIUM- 


(D v x M * 4 TT^ 
E * 

Als o g =yu. m 

Y/ HEEE 


V • B = o 

(jO CQSs system) 

AMD E= pQ 


B * VECTOR IVODUCTIOVO (^AUSs) 

id - VECTOR FIELD INTENSITY (oERSTEDs) 

G - VECTOR CURREUT DENSITY (aBAMPERGS^^ 
E - VECTOR. VOLTAGE .GRADIENT ( AB ^ OUT VcM ) 
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P EEMEABt U\T^ 


J*- = 

p = E£5l5TlVlT't' (ABOHM-CM) 

TUESE. EQUATIONS MAt BE EEDOCED 
TO A V EC TOE EQUATION - 

S> v l B - 4 T^ 51 « O 

P 3* 


NNMICV-I FOR THE ^ COORDINATE T\ EL-O'B — 

(3) 1[!L + _ Awjul gB^ , 0 

©> X* ^ *• 

EQGATlOVO © MAT BE VOE>TTEVO- 
® Bjg. o « EEAL - FAR.T OF B 0 ^ T( ^ (S^AUS^ 

OR. IVO COMPLEX FORM ~ 





THE <SE.VOE.RAL- 3OUJT\OV0 FOR OTHER. VALUED 
OF u VJILL BE 

(3) § r • 

WHERE B l^> A COMPLEX FUNCTION OF \L 
OVOLLY j THE VO 0 


AND 



105 


EQGAT\OVA (3) MA'f LOW BE \nIR\TTE.\0 — 

® ills - 1* B„ - o 




WWEEE M. + {Tr ” N«/+J(S 

*■ ®T = 




,2" -v-°< 


12 r 
+ ' 


i 


<x 

2 


Ajx T Ux^ 


P f 

THE ^EUEEA.L SOLOTIOW) IS — 

* [_A, Jzy T f\ z /Zov^Ji £<j \ & 
feo^ The dwer^ce theorem — 

(0 i [a,/g^ -»- A i c^*a-^ g^ r_ ^ x7 ^ ^ 

PROM (g) AV3P © A»= B 0 AT u-o. AT u4 
B* = yx.H x » o <~) . TH5 "Lead's t6 - 

(3) Bu * B 0 gauss 

C*raJ\.(^ l b\ 


8> 


ZJ&s) 


ALSO 


4-tt/ji- ^7 X § 


oe a, ,-i—f sg.,_ ss«i , _tt,b. 

^5 A^Vsr* jJ ~p~ — \ ) t ™ & 


c^Uti) 


abamps/ cm *. 


A*OD 


(g) E = P? ' - 2*B. abvoutb/ cm 
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TWE POTuTlVOG*. VECTOR l^b ~ 

® E m 4^ * 4 -~;L^ / §] £e^5/5Ec/cM l 

POWER- FLOW'S 1VOTO THE SHIELD KiO^M AL- 
TO TV-iE PLA\OE , ME VOCE 

® p i = 4^r £ ijy ro 


the SEAL PART50F e^ avod b, AT ^-O aee 
© E^l= — 'D‘*B 0 (u*i- *)] abvolts /cm 


V* 


0 | _B (y^vi-2 > aC+ A 2^]iU«45< (D*t -)^j +j/6<u*i^ - TKoui 

*3*^ c&tzJL 2 ~h c*i.2'V~& 


SAO^S 


AVAD THE AVERAGE POWER DEIOS'TY ACSOSS 
THE *3 PLAVoE l«b- 

<&> ^(an/eV ES^/sEc/cm 2 

Stt^LlR Cj»^L2M.i V CrzZAJLi ( 


IF THE MOTOR HAS 4a. POLE PAIR'S ADD EACH 
POLE spavo IS> T CM. lol^ ,THE AVERAGE 
POWER. PER. CM. CF SHIELD LEO&TH I VO THE 
5 DIRECTION I'S - 

@ F^ e " 2jjLT^( AX , e 'p ^Hfc. ± £ 

4/i"< 


FOE 


<X l 


Fan/E. ~ 


P 


ee^s/sec/cm 

sQ - %°< s 2 +-^(i"< 2 -p) §'-•••-] 
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THE FLUX DEKXSlTY AT THE ARMATURE 
SURFACE * i) IS 

<g£) * fT 0 >»^- x) - 96] &AUSS 

^ C-troJv 2M.& ■+■ 2 1 > & 

W HEIRS ~ 'V'S 

TWOSOME FLUX E X PE El EDGE'S A CHAD^E 
IIO AM PL ITUDE ADD PMASE ID PASSION 

throoeh the sleeve, the fracticdal 

CHAUGE ID AMPLITUDE l*S — 

®> IB^I , 
l ^^ ,a l 

Foe & «■ 1 
& lB r j l = 


^ fz - 

\ + e<>-a 2 'lr^ 


'- f SL_^(5^-2^)S 4 - 
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APPENDIX IE 


RELIABILITY ANALYSIS OF COMPONENTS 
FOR HALF- WATT BRUSHLESS DC MOTOR 
(SFCo P/N Eng 9847) 



LIST OF TABLES 


1. Switch 1 Failure Rate 

2. Switch 2 Failure Rate 

3. Switch 3 Failure Rate 

4. Switch 4 Failure Rate 

5. Switch 5 Failure Rate 

6. Switch 6 Failure Rate 

7. Switch 7 Failure Rate 

8. Miscellaneous Series Parts Failure Rate 
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Switch No. 1 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

X 

No. of 

Parts 

n 

nX 

Eng 4050 

A1 

Photo Deyice 

LS-600 

.010 

1 

.010 


R17 

Resistor 

Mil-R-11 
220K . lw 

.001 

1 

.001 


R18 

Resistor 

Mil-R-11 
510K . lw 

.001 

1 

.001 


R19 

Resistor 

Mil-R-11 
33K • lw 

.001 

1 

.001 


Q10 

Transistor 

2N2524 

.020 

1 

.020 


R20 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


Qll 

Transistor 

2N2350A 

.020 

1 

.020 


R21 

Resistor 

Mil-R-11 
5. IK . lw 

.001 

1 

.001 


Q12 

Transistor 

STC 2401 

.020 

1 

.020 


R22 

Resistor 

Mil-R-26 
1 .lw 

.015 

1 

.015 


CR4 

Diode 

PS510B 

1N645 

. 00012 

1 

. 00012 


Component failure rate, %A000 hours 


. 09012 


R = e" W _ t = 10,000 hours 

„ _ -.09012 x 10000 x 10 _& 

R = .9910 or 99.1% 


„ -. 00789 

R — e 

R = .9921 


t = 8760 
TABLE 1 

SWITCH 1 FAILURE RATE 
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Switch No. 2 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

A 

No. of 
Parts 
n 

nA 

Eng 4050 

A2 

Photo Device 

LS-600 

.010 

1 

.010 


Rll 

Resistor 

Mil-R-11 
220K . lw 

001 

1 

.001 


R12 

Resistor 

Mil-R-11 
510K . lw 

. 001 

1 

.001 


R13 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


R14 

Resistor 

Mil-R-11 

33K . lw 

.001 

1 

.001 


Q7 

Transistor 

2N2524 

.020 

1 

.020 


R15 

Resistor 

Mil-R-11 
5. IK .lw 

.001 

1 

.001 

Eng 4051 

Q8 

Transistor 

2N1132B 

. 020 

1 

.020 


Q9 

Transistor 

STC 2401 

.020 

1 

.020 


CR3 

Diode 

PS510B 

1N645 

. 00012 

1 

. 00012 


Component failure rate, %/1000 hours . 07512 


R 

R 

R 


= e 


-At 


t = 10,000 hours 


_ -.07512 x 10000 x 10 


-5 


= e 


= e 


. 9925 or 99. 25% 
-.00658 


R 

R = .99342 


t = 8760 hours 


TABLE 2 

SWITCH 2 FAILURE RATE 
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Switch No. 3 


— 

Part 

Number 

Schematic 

Symbol 

— 

Part 

Nomenclature 

Type 

Failure 

Rate 

A 

No. of 
Parts 
n 

nX 

Eng 4050 

A3 

Photo Device 

LS-600 

.010 

1 

.010 


R23 

Resistor 

Mil-R-11 
220K . lw 

.001 

1 

.001 


R24 

Resistor 

Mil-R-11 
510K . lw 

.001 

1 

.001 


R25 

Resistor 

Mil-R-11 
33K . lw 

.001 

1 

.001 


Q13 

Transistor 

2N2524 

.020 

1 

.020 


E26 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


Q14 

Transistor 

2N2350A 

.020 

1 

.020 


E27 

Resistor 

Mil-R-11 
5. IK . lw 

.001 

1 

.001 


Q1S 

Transistor 

STC 2401 

.020 

1 

.020 


E28 

Resistor 

Mil-R-26 

1 lw 

.015 

1 

.015 


CR5 

Diode 

P5510B 

1N645 

. 00012 

1 

.00012 


Component failure rate, %/1000 hours 

.09012 


E = t = 10,000 hours 

r « e ~. 09012 x 10000 x 10“ 5 


E = . 9910 or 99. 1% 

E = . 9921 t * 8760 hours 


TABLE 3 

SWITCH 3 FAILURE EATE 
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Switch No. 4 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

X 

No. of 

Parts 

n 

nX 

Eng 4050 

A4 

Photo Device 

LS-600 

.010 

1 

.010 


R1 

Resistor 

Mil-R-11 
220K . lw 

.001 

1 

.001 


R2 

Resistor 

Mil-R-11 
510K , lw 

.001 

1 

.001 


R3 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


R4 

Resistor 

Mil-R-11 

33K . lw 

.001 

1 

.001 


Q1 

Transistor 

2N2524 

.020 

1 

.020 


R5 

Resistor 

Mil-R-11 
5. IK . lw 

.001 

1 

.001 

Eng 4051 

Q2 

Transistor 

2N1132B 

.020 

1 

.020 


Q3 

Transistor 

STC 2401 

.020 

1 

.020 


CR1 

Diode 

PS510B 

1N645 

. 00012 

1 

. 00012 



Component failure rate, %/1000 hrs. 

. 07512 


R = e A-t t = 10,000 hours 

u _ -.07512 x 10000 x 10‘ 5 

Jet - e 


R = . 9925 or 99. 25% 

R = .99342 t = 8760 
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TABLE 4 

SWITCH 4 FAILURE RATE 















Switch No. S 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

\ 

No. of 
Parts 
n 

n X 

Eng 4050 

A5 

Photo Device 

LB-600 

.010 

1 

.010 


R29 

Resistor 

Mil-R-11 
220K . lw 

.001 

1 

.001 


R30 

Resistor 

Mil-R-11 
510K . lw 

.001 

1 

.001 


R31 

Resistor 

Mil-R-11 

33K . lw 

.001 

1 

.001 


Q16 

Transistor 

2N2524 

.020 

1 



RS2 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


Q17 

Transistor 

2N2350A 

.020 

1 

.020 


R33 

Resistor 

Mil-R-11 
5. IK . lw 

.001 

1 

.001 


Q16 

Transistor 

STC 2401 

.020 

1 



R34 

Resistor 

Mil -R- 26 
1 lw 

.015 

1 

.015 


CR8 

Diode 

1N645 

.00012 

1 

.00012 


Component failure rate, %/1000 hrs. 

.09012 


R - e‘ Xt t ■ 10,000 hours 

B - e *' 09012 * 10000 * 10‘ 5 


R = . 9910 or 99. 10% 

R * .9921 t - 8760 


TABLE 5 

SWITCH 5 FAILURE RATE 

















Switch No. 6 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

\ 

No. of 
Parts 
n 

n\ 

Eng 4050 

A6 

Photo Device 

LS-600 

.010 

1 

.010 


R6 

Resistor 

Mil-R-11 
220K . lw 

.001 

1 

.001 


R7 

Resistor 

Mil-R-11 
510K .lw 

.001 

1 

.001 


R8 

Resistor 

Mil-R-11 
20K . lw 

.001 

1 

.001 


R9 

Resistor 

Mil-R-11 
33K . lw 

.001 

1 

.001 


Q4 

Transistor 

2N2524 

.020 

1 

.020 


R10 

Resistor 

Mil-R-11 
5. IK . lw 

.001 

1 

.001 

Eng 4051 

Q5 

Transistor 

2N1132B 

.020 

1 

.020 


Q6 

Transistor 

STC 2401 

.020 

1 

.020 


CR2 

Diode 

1N645 

. 00012 

1 

. 00012 



Component failure rate, %/1000 hrs. 

. 07512 


R = e ** t = 10,000 hours 

„ -. 07512 x 10000 x 10" 5 

iv - e 

R = . 9925 or 99. 25% 

R = .99342 t = 8760 


TABLE 6 

SWITCH 6 FAILURE RATE 
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Starting Circuit 



Schematic 

Symbol 

Part 

Nomenclature 

R35 

Resistor 

Q19 

Transistor 

R36 

Resistor 

Q20 

Transistor 

R37 

Resistor 

R38 

Resistor 

C-l 

Capacitor 

CR7 

Diode 

CR8 

Diode 

CR9 

Diode 

CR10 

Diode 

CR11 

Diode 

CR12 

Diode 

R39 

Resistor 


Aux. Winding 



Failure No. of 
Bate Parts 

\ n 



Mil-R-26 
IK 1W 

2N2350A 

Mil-R-11 
20K . lw 

2N2524 

Mil-R-11 
22K .lw 

Mil-R-11 
22K .lw 

150D335 x 
0015A2 

Unitrode 
UT 261 

Unitrode 
UT 261 

TMD41 

TMD41 

TMD41 

TMD41 

Mil-R-11 


Component failure rate 


t = 10,000 hours 



1000 hr*. .187 


TABLE 7 

STARTING CIRCUIT FAILURE RATE 
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Miscellaneous Series Parts 


Part 

Number 

Schematic 

Symbol 

Part 

Nomenclature 

Type 

Failure 

Rate 

X 

No. of 

Parts 

n 

n\ 



Main Winding 


.020 

1 

.020 



Lamp 

Lamps Inc. 
No. 9 

.020 

1 

■ 020 

Eng 9839 

T.B. 1 



.028 

1 

.028 

Eng 9839 

T. B. 2 



.036 

1 

.036 

Eng 9841 

T.B. 4 



.038 

1 

.036 

Eng 9840 

T. B.5 


1 

.036 

1 

.036 


R-16 

Resistor 

Mil-R-26 

1 lw 

.016 

1 

.016 




t = 10,000 hours 

t - 8760 

R mw 

- Xt -. 020 x 10000 x 10~ 5 _ 

e = e - 

.998 

.9983 

R, = 075 x 10000 * W* . . 9980 

.998 

£ 

»-* 

II 

e " xt = e "- 028 x 10000 x 10' 5 = 

.997 

.9976 

R tb2-5 

-Xt ^ -. 036 x 10000 x 10" 5 
- © - © 

* .994 

.99685 

R rl6 

-Xt 015 x 10000 x 10" 5 

e = e * 

.9985 

.9987 


TABLE 8 

MISCELLANEOUS SERIES PARTS FAILURE RATE 


NASA-Langley, 1965 CR-231 



